Introduction
The evolution of prolonged pregnancy in eutherian mammals has not been without potential risk. Approximately half of the genetic material of all mammalian fetuses is paternally inherited. In outbred populations, this means that the fetus is likely to express antigens to which the maternal immune system has not been exposed. As a result, the 'semi-foreign' or semiallogeneic fetus is potentially at risk of rejection by the maternal immune system, in the same manner in which a transplanted organ would be rejected. However, rejection of the fetus by the maternal immune system is not a common feature of pregnancy, presumably because methods have evolved in eutherian mammals to prevent such rejection occurring (Bainbridge, 2000) .
As soon as the immunological predicament of the mammalian fetus was identified, possible strategies by which the fetus might avoid maternal immune attack were proposed (Medawar, 1953) . These strategies included modulation of the maternal immune system to avoid recognition of the fetus, a placental barrier to maternal immune effector mechanisms and downregulation of immunologically 'provocative' molecules on fetal trophoblast cells. Although it appears that all of these strategies are used to different extents by different species, downregulation of immunologically 'provocative' molecules has received the most attention.
In particular, studies have focused on trophoblast expression of antigens encoded by the major histocompatibility complex (MHC). These antigens are responsible for most transplantation rejection reactions, and this exceptional ability to provoke rejection is thought to result from two important features of the MHC. First, in outbred populations, an extremely high degree of genetic polymorphism is maintained at many MHC loci and consequently tissues from a donor individual will almost always bear MHC antigens to which the immune system of a recipient individual has never been exposed. Second, a major physiological function of MHC proteins is to bind to a receptor on T-lymphocytes during the initiation of acquired immune responses, and thus MHC antigens on transplanted tissue are particularly effective at inducing such responses.
Considering the ability of these antigens to induce transplantation rejection, it is perhaps not unexpected that MHC class I molecules, which are present on almost all other types of cell in the body, are downregulated on many trophoblast populations in humans (Redman et al., 1984) , Reproduction (2001) horses (Donaldson et al., 1990) , pigs (Ramsoondar et al., 1999) , sheep (Gogolin-Ewens et al., 1989) and rats (Kanbour et al., 1987) . Indeed, reduced expression of trophoblast MHC class I is thought to be an important strategy for ensuring fetal survival in most mammals.
In cattle, MHC class I downregulation is thought to occur in some trophoblast cells, but the exact pattern of expression is not certain. Low et al. (1990) did not detect MHC class I protein in trophoblasts within the placentomes, but reported variable expression in the interplacentomal chorionic membrane. However, Davies et al. (2000) reported expression of class I protein in trophoblasts within the placentome, but only in the arcade region. Ellis et al. (1998) concentrated on the control of MHC class I expression in the main region of fetomaternal exchange, the placentomal villi. In agreement with the other two studies, class I protein was not detected in the uninucleate cells that constitute most of the trophoblast cells in this region. However, small amounts of class I mRNA were detected, indicating that downregulation occurs at both transcriptional and post-transcriptional stages. This study also generated tentative evidence of MHC class I protein expression in some binucleate trophoblast cells throughout the placentome, and was supported by the detection of high concentrations of class I mRNA in these cells.
Expression of MHC class I in binucleate cells could have implications for the immunological status of the fetus. Binucleate cells, which are present in cattle, sheep, goats and deer (Wooding, 1992) , are derived from uninucleate trophoblast cells by nuclear division without cytokinesis, and so it is possible that inhibition of class I expression is removed during this differentiation process. Also, binucleate cells have an unusual fate: they are extruded through to the maternal side of the placenta where they fuse with maternal endometrial cells to form extensive hybrid syncytia (in sheep and goats) or smaller hybrid trinucleate minisyncytia (in cattle and deer). Although these fetomaternal fusion units are known to secrete hormones involved in the maintenance of pregnancy and development of the mammary gland (Wooding and Beckers 1987), their hybrid nature could make their immunological function even more important. These antigenically mixed cells could represent an important route by which the ruminant fetus ensures its own survival.
Thus, the aims of this study were to isolate bovine binucleate cells to confirm that they do express MHC antigens, and to determine the nature of the genes and molecules involved.
Materials and Methods

Purification of bovine binucleate trophoblast cells and peripheral blood mononuclear cells (PBMCs)
All material was collected from an inbred herd of cattle carrying well characterized MHC haplotypes (Ellis et al., 1996) .
Binucleate trophoblast cells were prepared from three near term placentae (day 275 of gestation; normal duration of gestation is 279-290 days) using a modification of the procedure described by Wango et al. (1990) for purification of sheep and goat binucleate cells. In brief, the fetal and maternal components of the placentome were teased apart and fetal villi were minced into sterile PBS. Villi were washed three times in saline before enzymatic disaggregation in 1 g protease l -1 (Bacillus polymyxa type IX protease, Dispase; Roche, Lewes) in PBS for 2 h at 37ЊC. Protease activity was quenched by the addition of 10% (v/v) fetal calf serum (Life Technologies, Paisley), and the cell suspension was filtered through 100 µm gauze before two washes in PBS. The cells were then resuspended in PBS and layered over two different densities (1.046 g l -1 and 1.060 g l -1 ) of a mixture of PBS (1.012 g l -1 ) and polysucrose (1.083 g l -1 , Histopaque 1083; Sigma, Poole). After centrifugation for 30 min at 1600 g, cells aspirated from the lower interface were 80-90% pure binucleate cells, as revealed by the two characteristic large nuclei, which were clearly visible by phase contrast microscopy. None of the cells in the isolate adhered to tissue culture plastic within 24 h, and so these cells were identified as non-adherent trophoblast cells, rather than fibroblast, endothelial or endometrial cells.
Heparinized blood was collected from cows by jugular venepuncture at the time of placentome collection, and fetal blood was withdrawn from the umbilical vein. Blood was diluted in an equal volume of PBS and layered over 1.083 g polysucrose l -1 before centrifugation at 1600 g for 20 min. PBMCs were aspirated from the interface, and further removal of erythrocytes from fetal PBMCs was carried out by rapid hypotonic lysis. The PBMCs were washed twice in PBS.
Immunodetection of binucleate cell MHC class I protein antigens
Cytospin preparations of purified binucleate cells were prepared and used for immunocytochemistry. Cytospins were fixed in acetone at 4ЊC for 2 min, rehydrated and blocked in PBS with 10% (v/v) goat serum for 20 min. The slides were then incubated for 60 min with mouse IgG, the monoclonal antibody ILA88 or the monoclonal antibody ILA19, at a concentration of 10 mg l -1 in PBS with 10% goat serum. ILA88 recognizes a monomorphic conformationally independent determinant on bovine MHC class I heavy chain molecules (Toye et al., 1990 ) and ILA19 recognizes a monomorphic determinant on bovine MHC class I molecules, which is conformationally dependent, requiring the class I heavy chain to be bound to the β 2 -microglobulin light chain (Bensaid et al., 1989) . After three washes in PBS, the slides were incubated in PBS containing 10% bovine serum and 10 mg caprine anti-mouse Ig antibody l -1 conjugated to fluorescein isothiocyanate (goat anti-mouse-FITC; Dako, Ely) in the dark for 30 min. After three washes in PBS, the cytospins were counterstained with the nuclear stain 4,6-diamidino-2-phenylindole (DAPI; Sigma) and visualized by fluorescence microscopy.
Binucleate cells and fetal PBMCs were used for detection of immunoprecipitated radiolabelled MHC class I molecules by SDS-PAGE. Five million of each type of cell were incubated in 2 ml aliquots of Roswell Park Memorial Institute (RPMI) 1640 medium in the absence of methionine (Life Technologies) with 10% fetal calf serum for 30 min at 37ЊC in 5% CO 2 in air, after which 3.7 MBq 35 S-labelled methionine was added to each culture tube for a further 18 h. Each aliquot of cells was washed in 20 ml iced PBS with 1 mmol polymethylsulphonylfluoride (Sigma) l -1 and resuspended in iced lysis buffer containing 0.5% (v/v) nonidet P40 detergent (Sigma) in 20 mmol Tris buffer l -1 pH 7.6 with 10 mmol EDTA l -1 , 10 mmol NaCl l -1 and 1 mmol polymethylsulphonylfluoride l -1 . After a 30 min incubation, the mixture was centrifuged at 1500 g for 15 min at 4ЊC, and the lysate supernatant was aspirated and retained in three aliquots for each type of cell. Each aliquot of lysate was pre-cleared by overnight incubation at 4ЊC, with 250 µl fixed Staphylococcus aureus cells (Pansorbin; Pharmacia, Amersham), followed by incubation alone, or with 4 µg of either the ILA88 or ILA19 antibodies. The MHC class I molecule-antibody complexes were then immunoprecipitated with 50 µl Staphylococcus cells. Each pellet was divided into two sub-aliquots, one of which was deglycosylated with 25 U glycosidase-F (Roche) ml -1 for 30 min, and then both sub-aliquots were denatured and reduced by boiling in SDS-PAGE loading buffer before electrophoresis on a 15% (w/v) polyacrylamide gel, which was then dried and autoradiographed.
Characterization of binucleate cell MHC class I mRNA expression mRNA was prepared from aliquots of 5 ϫ 10 6 binucleate cells, fetal PBMCs and maternal PBMCs by cell lysis and extraction on oligo-dT coated beads (Dynabeads mRNA Direct Kit; Dynal, Bromborough), and cDNA was generated by reverse transcription (cDNA Synthesis System; Life Technologies). Fragments of MHC class I cDNA were then amplified from these samples using two primer pairs designed to be complementary to non-variable regions of the class I gene (Table 1) . Thirty-five PCR cycles (94ЊC for 1 min, 55ЊC for 2 min, 72ЊC for 2 min) were carried out. The PCR volume was 100 µl and contained 200 mmol Tris-HCl l -1 (pH 8.4), 50 mmol KCl l -1 , 5 mmol MgCl 2 l -1 , 25 µmol dATP, dCTP, dGTP and dTTP l -1 , 1 µmol l -1 of each primer, 2.5 U Taq polymerase (Gibco BRL) and 10% of the cDNA produced from each cell sample. PCR products were separated by 1.5% (w/v) agarose gel electrophoresis, phenolextracted and ligated into a SmaI-digested M13mp18 vector (Pharmacia), and then used to transform TG1 strain Escherichia coli. At least 12 clones from each sample were sequenced by the dideoxy chain termination method (Sequenase; USB, Cleveland).
Results
Immunodetection of binucleate cell MHC class I protein antigens
A subset of binucleate cells showed staining with the antibodies ILA88 and ILA19, which recognize bovine MHC class I molecules (Fig. 2) , and this staining was variable in intensity. Similar results were obtained with material from three different pregnancies.
Immunoprecipitation of MHC class I molecules expressed in cells from three pregnancies yielded similar results, and an autoradiograph of an SDS-PAGE gel of The primers were designed to be complementary to conserved regions of the bovine MHC class I genes, and to amplify across variable regions to distinguish between alleles. Primers A and B are complementary to regions within exon 2, and primers C and D are complementary to regions within exons 2 and 3, respectively. Exons 2 and 3 encode the α 1 and α 2 domains of the mature MHC class I molecule, which form the peptide binding groove. This region is by far the most variable region of the molecule. Individual cattle are thought to carry between two and six different MHC class I alleles (Ellis et al., 1999).
Fig. 1. Schematic diagram of the relationship between fetal (blue)
and maternal (pink) tissues in the bovine placenta. In the interplacentomal areas, the chorioallantois overlies the endometrium. In the placentome, where most fetomaternal exchange is thought to take place, the trophoblast develops villi, which invade the pre-existing specialized endometrial and stromal structure, the caruncle.
proteins derived from a single pregnancy is reproduced (Fig. 3) . The antibodies ILA88 and ILA19 precipitated a major protein species of approximately 45 kDa, which was reduced in size by deglycosylation and this corresponds to the expected properties of the class I heavy chain. Although differing in band intensity, the proteins precipitated from PBMCs and binucleate cell lysates were otherwise similar. In mature MHC class I molecules, the heavy chain associates with a light chain, β 2 -microglobulin, but this is not detected by incorporation of radiolabelled methionine, as it does not contain any methionine residues.
Characterization of binucleate cell MHC class I mRNA expression
Binucleate cells, and fetal and maternal PBMCs from all three pregnancies yielded PCR products with both primer pairs. An agarose gel showing the products derived from one pregnancy is presented (Fig. 4) . The primers were designed to amplify all class I genes, so that the PCR products were cloned and at least 12 clones were sequenced in each case. The class I mRNA identified in each tissue is presented ( Table 2 ). All of the PCR products had sequences that were identical to published bovine MHC class I sequences, probably because many of the published sequences are derived from animals in the herd that was used in the present study. It is not known how many MHC loci are expressed in cattle, although the number of loci probably varies between haplotypes (Ellis et al., 1999) . Most of the sequences derived from the binucleate cells were identical to sequences from the corresponding fetal PBMCs (15 of 21, 13 of 16 and 11 of 12 in the three pregnancies), but the remainder (6 of 21, 3 of 16, 1 of 12) had an identical sequence to HD15, a previously published bovine class I sequence (Ellis et al., 1996 (Ellis et al., , 1999 . HD15 is a non-polymorphic putative non-classical class I gene that is transcribed in lymphocytes at a low rate, although to date there is no evidence of HD15 expression (a confirmed 'non-classical' class I product has not yet been described in cattle). The binucleate cells yielded some sequences that were also present in corresponding maternal and fetal PBMCs, and some sequences that were present in the fetal PBMCs but absent in maternal PBMCs. These sequences presumably represent paternally inherited MHC class I alleles. However, the binucleate cells did not yield sequences present in maternal PBMCs but not present in fetal PBMCs, indicating that the binucleate cell samples were not significantly contaminated by maternal cells.
Discussion
The results from the present study confirm the tentative suggestion (Ellis et al., 1998) based on immunohistology and in situ hybridization that, in contrast to most bovine The sequences of all the PCR products were identical to published bovine MHC class I sequences, previously derived from animals in the herd used in the present study (Ellis et al., 1999) . Thus, despite the relatively non-invasive placentation of cattle, pregnant cows may be exposed to 'foreign' polymorphic paternally derived MHC. The immunological role of MHC may be complex because the binucleate trophoblasts expressing MHC class I fuse with maternal cells. The resulting fetomaternal trinucleate cell minisyncytia are known to play an important role in the hormonal support of pregnancy and mammary development (Wooding and Beckers 1987) , but these results indicate that the trinucleate cell minisyncytia may also provide some form of immunological support to pregnancy. Indeed, these studies in cattle may be seen as taking our understanding of the immunology of pregnancy to a stage beyond the 'fetusas-graft' concept: not only does the bovine fetal semiallograft survive in the presence of the maternal immune system, but it also continuously presents the immune system with hybrid cells that may express a mixture of maternal and fetal antigens. In addition, as the main function of MHC class I antigen is to present potentially foreign peptides to lymphocytes, it is of interest to note that hybrid trinucleate cells may express maternal peptide bound to maternally derived class I molecules, maternal peptide bound to fetal MHC class I, fetal peptide bound to maternal MHC class I molecules and fetal peptide bound to fetal MHC class I molecules.
The transcription of sequences identical to that of the evolutionarily divergent gene HD15 (Ellis et al., 1999) in trophoblast cells is of uncertain significance. It is possible that preferential expression of HD15 indicates a dedicated function for this gene in the immunology of pregnancy, perhaps similar to that of non-classical HLA-G in human trophoblast. However, it is not known whether HD15 mRNA is translated or whether any HD15 protein is translocated to the cell surface.
It is not clear why only a subset of isolated binucleate cells express MHC class I antigens. This may be an artefact of the isolation of cells at different stages of differentiation and development: if binucleate cells upregulate expression of MHC class I antigens part way through the period between nuclear division and fusion with maternal cells, then only a subset of the binucleate cells isolated at any one time would be expected to show evidence of MHC class I expression. A second possibility is that only a subset of binucleate cells ever upregulate MHC class I. The reason for the presence of MHC + and MHC -populations is unclear, but binucleate cells are heterogeneous with respect to other parameters, including hormone synthesis (Wooding et al., 1996) and cytokeratin staining (Nakano et al., 2001) . A third possibility is that trophoblast cells that do not stain positively with ILA88 or ILA19 express the product of the HD15 MHC class I gene. Expression of HD15 protein has not been detected in any experimental system, and so it is not known whether ILA88 or ILA19 recognize this molecule. In addition, it is not known whether HD15 is co-expressed with classical MHC class I genes in the same trophoblast cells or whether different trophoblast cell populations express different genes.
The bovine trophoblast binucleate cell represents an intriguing route by which fetal antigens may be exposed to the maternal immune system. Although it remains to be demonstrated whether fetal MHC class I remains upregulated after fetomaternal syncytialization, there is evidence that maternal lymphocytes are exposed to fetal alloantigens, as maternal alloantibody responses have been reported during late pregnancy in cattle (Newman and Hines, 1980) . Indeed, it could be argued that binucleate cells are the only likely route by which maternal alloimmunization could occur, as the relatively noninvasive epitheliochorial placenta of cattle makes leakage of fetal blood cells and trophoblast fragments into the maternal blood (as occurs in haemochorial human and rodent placentas) unlikely.
However, in one important way, the bovine fetus is similar to human and equine fetuses, which despite downregulating MHC antigens in most of the placenta, apparently 're-upregulate' MHC in a trophoblast subset particularly exposed to maternal tissues. Such deliberate exposure of the mother to fetal MHC during pregnancy indicates that a degree of maternal recognition of fetal MHC may in fact be beneficial. Furthermore, in cows and horses, in which the MHC expressed is polymorphic, it could be argued that fetomaternal histoincompatibility may also improve the outcome of pregnancy. It has been proposed that various forms of pregnancy histo-incompatibility increase the size of the placenta in mice, improve the success of pregnancy in humans and encourage efficient postpartum placental dehiscence in cattle (Billington, 1964; Joosten et al., 1991; Ober, 1992) . Thus, the present study raises the possibility that fetomaternal histo-incompatibility may encourage successful pregnancy in cattle. 
